Persistent HIV replication within active viral reservoirs may be caused by inadequate antiretroviral penetration. Here, we used mass spectrometry imaging with infrared matrix-assisted laser desorption-electrospray ionization to quantify the distribution of efavirenz within tissues from a macaque dosed orally to a steady state. Intratissue efavirenz distribution was heterogeneous, with the drug concentrating in the lamina propria of the colon, the primary follicles of lymph nodes, and the brain gray matter. These are the first imaging data of an antiretroviral drug in active viral reservoirs.
H
uman immunodeficiency virus (HIV) replication has been shown to persist in certain anatomic sites, known as active viral reservoirs, despite treatment with highly active antiretroviral (ARV) therapy (HAART) (1, 2) . Understanding the factors that contribute to the formation and propagation of these active viral reservoirs is essential to the design of targeted therapies for HIV eradication. It has been suggested that subtherapeutic drug concentrations in certain tissues resulting from poor drug penetration may provide a favorable environment for reservoir formation and drug-resistant viral variants (3) . Several groups, including our own, have assessed ARV penetration of tissues by directly measuring drug concentrations by liquid chromatography-mass spectrometry (LC-MS) of homogenized whole tissue (4) or isolated mononuclear cells (3, 5) . Though these methods can provide useful quantitative data, they do not have the ability to spatially define the distribution of the drug within the tissue, as either the entire sample is consumed in the homogenization process or spatial information is lost during cellular isolation. This is a critical limitation of these methodologies, as our preliminary data have shown that ARV distribution across tissue is not uniform (6) .
MS imaging (MSI) offers an alternative strategy for quantifying ARV distribution in tissues and cells that maintains the sensitivity and specificity of LC-MS while preserving the spatial distribution of analytes within tissue. Through stepwise interrogation of discrete sample locations, MSI simultaneously collects information that can be concatenated into images of multiple molecules and their respective metabolites. This attribute is an important advantage for the combinatorial nature of HAART and has already led to the implementation of MSI in the drug development process (7) . One approach to MSI that is particularly well suited to the analysis of small molecules is infrared matrix-assisted laser desorptionelectrospray ionization (IR-MALDESI) (8) , which allows the detection of ARVs in human tissue, as we have previously demonstrated (9, 10) .
Here, we used IR-MALDESI to characterize the ARV distribution in 11 nonhuman primate tissues implicated as viral reservoirs (11) (12) (13) (14) . Further, we quantified the variability in ARV exposure between tissues and compared this to LC-MS and immunohistochemistry (IHC) data, allowing for absolute quantification of observed ARV signal abundance and identification of the tissue compartments or cellular populations where a drug may be concentrating. These data are the first quantitative images of the ARV distribution in a macaque, an important species for studies of HIV/simian immunodeficiency virus (SIV) therapy, and show that MSI is a promising approach for evaluating ARV disposition in HIV reservoirs (15) .
One healthy male rhesus macaque (Macaca mulatta) was given 7 daily oral doses of 200 mg of efavirenz (EFV). This dose of EFV equates to roughly 60 mg/kg and is consistent with standard treatment doses for SIV (16, 17) . Prior to necropsy, blood plasma and cerebrospinal fluid were collected. The animal was euthanized by pentobarbital overdose 24 h after the final dose of EFV, and necropsy was performed by the pathology staff at the California National Primate Research Center. Tissue samples from the gastrointestinal (GI) tract (ileum, colon, rectum), central nervous system (CNS; cerebellum, basal ganglia), lymph nodes (axillary, iliac, mesenteric, inguinal), and spleen were snap-frozen on dry ice and stored at Ϫ80°C until analysis (18) . Calibration of the IR-MALDESI response to EFV from the dosed tissue was conducted by MSI of tissues from nondosed ("blank") macaques (Bioreclamation IVT, Baltimore, MD), matching dosed tissue samples where possible, upon which a set of EFV standards were pipetted. Prior to imaging, 10-m sections of each tissue (dosed and nondosed) were sliced and thaw mounted on a single glass microscope slide uniformly coated with internal standards and the tissue sections were spotted with 100 nl containing 0 to 5,000 pg of EFV before the sample slide was placed in the IR-MALDESI imaging source. Serial 10-m sections were set aside for LC-MS/MS and IHC analyses.
The IR-MALDESI MSI approach for analysis of tissue samples has been described previously (8, 9) . Briefly, tissue samples maintained at Ϫ10°C in the source chamber were ablated at a spot-tospot distance of 100 m by two pulses of an IR laser (IR-Opolette 2371; Opotek, Carlsbad, CA, USA) that resulted in the complete desorption of neutral molecules for a given volume element or voxel. The desorbed neutral molecules were then ionized by an orthogonal electrospray plume and sampled into a high-resolving-power Thermo Fisher Scientific Q Exactive (Bremen, Germany) mass spectrometer for synchronized analysis (9) . To generate images from mass spectrometry data, raw data from each voxel were converted to the mzXML format with MSConvert software (19) . These mzXML files were interrogated with MSiReader, a free software developed for processing of MSI data, from which measurements such as tissue surface area can be made and images of analyte distribution can be generated (20) .
For LC-MS/MS analysis of EFV concentrations, serial 10-m tissue sections were homogenized in 1 ml of 70:30 acetonitrile-1 mM ammonium phosphate (pH 7.4) with a Precellys 24 tissue homogenizer (Bertin Technologies, Montigny-le-Bretonneux, France). A Shimadzu high-performance liquid chromatography system was used for separation, and an AB SCIEX API 5000 mass spectrometer (AB SCIEX, Foster City, CA, USA) equipped with a turbo spray interface was used as the detector. The samples were analyzed with a set of calibration standards (0.02 to 20 ng) and quality control (QC) samples. The precision and accuracy of the calibration standards and QC samples were within the acceptable range of 15%. LC-MS/MS quantification of EFV in the homogenate of each tissue section was compared to the summed MSI response on a per-mass-of-tissue basis by using the MSI-derived tissue surface area, the known section thickness, and an assumed tissue density of 1.06 g/cm 3 . MSI quantitation and LC-MS/MS analysis were performed by different individuals at separate institutions, and no data were shared before analyses were completed. The LC-MS/MS data underwent QC by a designated individual not directly involved in this study to ensure accuracy.
To verify tissue quality and assess architecture for comparison with EFV distribution by MSI, serial sections of frozen tissue were sliced at a 10-m thickness, thaw mounted on glass slides, and fixed in 100% ethanol for 10 min. After fixation, the tissues were stained with hematoxylin and eosin by standard histological techniques. IHC analysis of similarly prepared frozen tissue slices was performed with human primary antibodies for CD3 (clone LN10; Leica Biosystems, Buffalo Grove, IL), followed by staining with secondary antibodies. All staining was performed with the Leica Bond automated tissue stainer (Leica Biosystems).
MSI revealed heterogeneous intratissue EFV distribution into several anatomic sites. Figure 1 showcases these findings for representative tissues. When MSI images were compared with IHC staining, interesting spatial distributions were noted. For example, EFV was concentrated in the mucosa and lamina propria of the colon (Fig. 1A) , which corresponds to a high CD3 ϩ cell density on IHC analysis. However, this distribution was not observed in the ileum (Fig. 1B) . The inguinal lymph node showed EFV in some, but not all, primary follicles (Fig. 1C) . EFV concentrated in the gray matter of the cerebellum (Fig. 1D) and showed a homogeneous distribution in the spleen, testes, and axillary lymph nodes (Fig. 1E) . The heterogeneity of EFV distribution is quantified in Table 1 by the dynamic range of the MSI response (expressed in the base 10 logarithmic units decibels [dB]) in each tissue type that can be observed in the images in Fig. 1 . The dynamic range of the EFV response was lower in tissues such as the basal ganglia and lymph nodes, reflecting a more homogeneous EFV distribution, whereas tissues such as the colon (37.6 dB) and rectum (26.8 dB) had much larger differences between minimum and maximum concentrations that suggest greater biological differences in drug uptake.
Intertissue EFV quantitation is summarized in Table 2 . LC-MS/MS analysis demonstrated a 20-fold variability in total tissue EFV exposure, with concentrations ranging from 1.2 g/g in the testes to 20.8 g/g in the colon. A similar trend was observed in the MSI quantification, though agreement varied between tissue types. EFV concentrations determined by MSI and LC-MS/MS were found to be in agreement (Ͻ30% difference) for half of the tissues after correction for tissue size. In tissues such as the lymph nodes, concentrations varied by as little as 8%. Tissues of the GI tract demonstrated less agreement between techniques, with variations of up to Ϫ70%. tissue and plasma. EFV achieved high exposure in the CNS, where tissue drug concentrations were 6.8 to 7.6 log units higher than in the CSF. EFV exposure was consistent among the lymph nodes, with 1.7-to 2.2-log increases over plasma observed. In the GI tract, EFV exposure was 3.6 log units higher than in plasma in the colon and rectum and 2.7 log units higher in the ileum. The persistence of HIV replication within anatomic reservoirs necessitates the use of tissue pharmacology to inform the design of effective treatment strategies. This requires knowledge of tissue penetration to sites of action, as underscored by recent findings that the 50 to 90% reduction of the EFV concentration in mononuclear cells isolated from reservoir tissues relative to that in peripheral blood mononuclear cells was associated with persistent viral replication in these tissues (3). This finding, in combination with the fact that EFV receives widespread clinical use as a component of Atripla (a fixed-dose combination of tenofovir, emtricitabine, and EFV dosed once daily) and is frequently included in HIV treatment and cure research regimens for macaques, led us to choose EFV for our evaluations.
The observed ARV drug distribution within these putative viral reservoirs reveals important information regarding tissue pharmacology that can inform treatment strategy. The heterogeneous penetration of the lymphoid follicles by EFV suggests that further quantification of effective drug exposure in these tissues is required. Conversely, the abundance of EFV signal in the CD3 ϩ cell populations of the gut is evidence that adequate EFV concentrations are likely reached in this compartment. Both of these findings are consistent with previous studies that have examined tissue EFV concentrations by LC-MS (5). The EFV distributions observed here would not have been possible with traditional LC-MS of tissue homogenates or isolated mononuclear cells; the heterogeneity of EFV distribution within tissue slices as measured by the dynamic range of response (Table 1) is only measurable by MSI. Moreover, our MSI analysis provides evidence that the use of plasma or CSF as a surrogate for tissue drug concentrations may be inappropriate without detailed quantification of these relationships. The higher CNS tissue EFV concentrations than CSF EFV concentrations (Table 2 ) and the concentration of EFV within the gray matter of the cerebellum (Fig. 1 ) agree with brain microdialysis data showing that CNS drug concentrations are higher than CSF drug concentrations (21, 22) .
The variability in the extent of EFV distribution between tissue types suggests that biological processes, more than the cellular populations present, drive the movement of EFV into tissues. The nonhomogeneous distribution of EFV in tissues such as the colon may be attributable to the physicochemical properties of EFV or to active transport mechanisms. Our previous work identifying variables affecting ARV exposure in the female genital tract (another putative viral reservoir) found that the efflux transporters MRP1 and MRP4 were associated with ARV penetration of this compartment (23) . While EFV is not a known substrate of these transporters, other drug transporters such as MDR1 or BCRP may affect its disposition and explain the areas of EFV concentration seen here (24, 25) .
There are several limitations of this analysis that should be addressed, the most important of which is our limited sample size. As this study was conducted with a single animal, the variability in tissue drug distribution between animals remains unknown and remains to be evaluated. Further, the assessment of EFV distribution shown in Fig. 1 is based on individual slices of tissue under steady-state conditions. Repeated sectioning may reveal additional biological variability. Although EFV has a long plasma halflife and a relatively flat blood plasma concentration-versus-time curve, EFV exposure over the dosing interval could not be determined because sampling was performed only at the end of the dosing interval. Additionally, we were unable to determine the relationship between drug and viral dynamics in this uninfected animal, though we selected tissues with previous evidence supporting persistent HIV infection (11) (12) (13) (14) . Finally, only CD3 was used to correlate IHC analysis with drug distribution. Though visualization of the overall T cell compartment is informative, future work will relate ARV localization to CD4 ϩ T cell distribution, as these cells are the most relevant for HIV infection. This is the first study to apply MSI to ARV distribution in potential tissue reservoirs of HIV infection. Using IR-MALDESI, we have confirmed that ARV tissue distribution is heterogeneous and that the distribution of a single ARV can vary greatly between tissues within an individual. By comparison to the gold standard of tissue quantification, LC-MS/MS, our analysis confirms the importance of MSI for drug quantification. Future work will address the existing limitations of our approach. For MSI, this will entail a systematic exploration of factors, such as matrix effects or electrospray ionization capacity, that may influence the quantitative agreement with LC-MS for different tissue types and drug exposures. IR-MALDESI is sensitive to a wide variety of endogenous lipids (the profiles of which vary between tissue types) that are ablated and analyzed simultaneously with EFV. Any suppression of the EFV response as a result of tissue-specific ablation and ionization conditions is intended to be taken into account by performing EFV calibrations with matching or closely related blank tissue types and evaluating the IR-MALDESI response to an internal standard. However, a more thorough investigation of these effects must be undertaken to improve analytical agreement. Additionally, lower limits of detection of all ARVs and their active metabolites within a drug regimen must be attained in order to link tissue drug exposure and suppression of viral replication. We will also evaluate ARV distribution in SIV/HIV-infected samples to determine the effect of ARV disposition on viral expression. Despite these limitations, these data show that MSI is a critical tool for the disposition of ARVs within putative active HIV reservoirs, which is an important step toward understanding how to eradicate HIV infection.
